MIL -101(Cr)-Amine Sorbent
Evaluation Under Realistic Direct
Air Capture Conditions

DE-FE-FEO0031952

Dr. Christopher W. Jones
Dr. Ryan P. Lively
Dr. Matthew J. Realff

Georgia Institute of Technology

U.S. Department of Energy

National Energy Technology Laboratory
Carbon Management Project Review Meeting
August 15- 19, 2022



Project Overview

U Funding
- DOE Funds: $755,166 (79.73%)
- Cost share (ZCP Sorbent Development, LLC): $191,482 (20.23%)

U Funding Period: 10/01/20208/31/2022 jo cost extension to 9/203.

U Project Participants:

- Georgia Institute of Technology
- ZCP Sorbent Development, LLC

FY 2021 FY 2022 Total
DOE Cost DOE Cost DOE Cost
Funds Share Funds | Share Funds Share
Sub-recipient A, $138,000 $53,482 $191,482
if proposed
Total ($) $548,435 1 $138.,000 | $206,731 | $53,482 | $§755,166 | $191,482
Total Cost Share % 20.10% 20.55% 20.23%




Project Overview

0 Overall Project Objectives

- Explore DAC performance of amine functionalized MiIQ1(Cr)
MOFs and build models of their adsorption behavior over a wide
range of temperatures20Q °C to 25°C) and relativehumidities
(0%71 100%).

- Develop and test the stambient DAC materials in the forms of
composite polymer/MOIbersand on the surface of or within
monoliths (advance from TRL 2 to TRL 3)




Technology Background

PEI impregnated MIL -101(Cr) MOFs for ambient DAC (Darunte et al.
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Aim to investigate the CQ, adsorption
capabilities of MIL -101(Cr)-amine sorbents
over wide range of adsorption temperature
(-20 to 25°C) and RH (0 to ~100%)
conditions.
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Technology Background

Sub-ambient DAC cycles with small T swing €.9.-20°C to 25°C)
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Sinha et alAIChEJ. 2019 65, e16607

A T/IVSA using solid sorbents in a structured contactor (fibers or monoliths)
A Heat delivery mode TBD

Innovation: design of sorbents/processes for operation in practical, temperate outdoor

adsorption temperature range-80 to 25/C, in allhumidities
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Technology Background

Sub-ambient DAC cycles with small T swing {20°C to 25°C; DT ~ 45°C)
Stateof-the-art at project start:

A99% of all published DAL studi e

A >50% of all published DAC studies conducted in absence of humidity

A Warm DAC gives improved kinetics, but requires handling of large
water sorption loads

Proposed Innovation:

A Practical, outdoor DAC requires operatiorcabler/colder temperatures
& In all humidities

A Cool/cold operation may allow fanore physisorptioas well weess
water sorptiordue to lower humidity, both offer potential flomver
desorption energies.

Kong et al., Korean J. Chem. Eng. 2022, 3919



Experimental Design & Work Plan

Characterization of MIL -101(Cr) powder, monolith, and fiber sorbents

Equipment for
lab-scale
experiments

Expected
experimental
conditions

Information acquired

Thermec
gravimetric
System (TGA)

-20 to 25°C, dry
gas feed

CO, equilibrium
adsorption and
desorption capacities,
adsorption and
desorption kinetic
profiles

Volumetric -20 to 25°C, dry | CO, adsorption
System (SAP) gas feed isotherms
-20 to 25°C,
Fixed bed humid gas feeds Brea!(th.mth & "
: : equilibrium capacities,
breakthrough with relative :
. adsorption and
System + MS Al desorption kinetic
and IR detectory between O and TP
~80% profiles

Integration of lab-scale sub
ambient CO, adsorption
testing with analytical
computational studies

Experimental
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\.___________,,/

CO, adsorption

and desorption
modeling
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Project Success Criteria

Milestone Decision Point Date Success Criteria
Development of MIL101(Crpased fibers| Month 9 | Successful synthesis of MHLO1(Cr}
and monolith sorbents. MHLO1(Cr) Z amine fiber and monolith sorbents.

2 sorbent macrostructures, with at least ty Month 24
different compositions, successfully (extended)
fabricated and structurally characterizeg
Evaluation of performance and stability Month 18 1-2 MIL -101(Cr)-based powder
powder MIL-101(Cr}based sorbents at 5 sorbentsidentified as promising
sub-ambient conditions. sorbents at suambient conditions:
3 Month 21 )
(extended) good compromise betweéI_(_)2
capacity, kinetics and stability
(towards multiple cycles and oxygen)
Translation of best performing powder | Month 18 | Performance of fiber or monolith is at
4 MIL -101(Cr}amine sorbents to fiber and Z least 75% of the powder performance
monolith forms. Month 24
(extended)
Employing models of adsorption and Month 18 | Adsorption and desorption models
desorption behavior to estimate DAC Z represent experimental data and
5 system performance metrics. Month 24 | estimated DAC system metrics allow
(extended) | assessment of suitability for nexg

stage of process development




Project Risks & Mitigation Strategies

Risk Rating

Perceive Risk Probability | Impact | Overall Mitigation/Response Strategy

(Low, Med, High)

Financial Risks:

Existing Low Med Low Many experiments will be carried out on existing
equipment failure, equipment that is regularly maintained and failure is
replacement funds unlikely.

not in budget

Cost/Schedule Risks:

Delayed hiring of | Med High Med Pls will seek applications for project before notificatig

personnel of award. Pls will seek applicants already at Georgia
Tech.(Delays due to slow worker approval)

Delayed delivery | Med High Med If new equipment is delayed, existing equipment will

of new equipment retrofitted with chillers to begin work on the project ar

limit delays.(Delays due to slow equipment delivery)
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Perceive Risk

Risk Rating

Probability

Impact

Overall

(Low, Med, High)

Mitigation/Response Strategy

Technical/Scope Risks:

Unable to grow Low Med Low Previous literature indicates VHLO1(Cr) can be grown

MIL -101(Cr) on on alumina; work can continue if no other monolith

monolith materials materials enable MH101(Cr) growth. (Unable to grow
due to low compatibility between MiL01(Cr) and
cordierite monolith. Extrusion and@D printing of MIL -
101(Cr) monoliths is also feasible.

Amine-MIL - Med Med Med Additional amines can be investigated. Previous worl

101(Cr) sorbents
not stable at low T

has found PEMIL -101(Cr) to be stable for adsorption
at room temperature and work could continue with P
only.

Management, Planning, and Oversight Risks:

Team Low Med Low Jones, Lively, and Realff work together in the same
collaboration and building at Georgia Tech and have successfully work
communication is together before.

poor

ES&H Risks:

Accident Low High Low Laboratory designed for adsorption experiments. Gag

associated with
experimental
testing

cylinder management is already in place. Liquid nitro
is alreadyusedand all experimentalists receive proper
training. 10




Development ofPowder MIL -101(Cr)
Sorbents atSub-ambient Conditions

MIL -101(Cr)_TEPA(30) (400 ppm CQ capture at-20°C)
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The amount of weak chemisorption became more significant at lower

temperature conditions (thermodynamic effect). 1

Rim et al., JACS Au, 2022, 2, 38893.



Development ofPowder MIL -101(Cr)
Sorbents atSub-ambient Conditions

Cyclic test (400 ppm CQ capture at-20°C (2 h), desorption at 25°C (2 h))
30wt% TEPA impregnated MIL -101(Cr) powders
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Significant energy savings may be realized for sub-ambient DAC via
utilization of smallT swingsenabledy this weakchemisorptionmechanism

Rim et al., JACS Au, 2022, 2, 38803.
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Development ofPowder MIL -101(Cr)
Sorbents atSub-ambient Conditions

Single gas (CQand N,) adsorption isotherm of 30wt% amine impregnated MIL-101(Cr) at-20°C

8

Gas adsorption, [mmol/g]
D

Rim et al., JACS Au, 2022, 2, 38893.

| —e— CO, (MIL-101(Cr)_PEI(30))
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-20°C

Selectivity:

107 14
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20,0001 30,000
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Selective 400 ppm CQ
capture over 80% N, at -20°C
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Development ofPowder MIL -101(Cr)

Sorbents atSub-ambient Conditions

Sub-ambient DAC fixed bed test (ry and 70%RH at -20°C)

CO, capture capacity (breakthrough experiments)
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Moisture has positive effect on capacity of sulambient DAC with
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Rim et al., JACS Au, 2022, 2, 38893.
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Development ofPowder MIL -101(Cr)
Sorbents atSub-ambient Conditions

Cyclic fixed-bed tests under humid conditions (70% RH at20°C)
400 ppm CGO, adsorption at-20°C (2 h), desorption at 25°C (2 h)
MIL -101(Cr)_TEPA(30)
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30wt% TEPA impregnated MIL -101(Cr) powders (weak

chemisorption dominant) can be effectively regenerated at

15

25 °C even under humid conditions




Development ofAmine MIL -101(Cr)-
amine Fiber Sorbents

MIL -101(Cr)/CA fiber spinning

SU8230 3.0kV 6.8mm x150 LM(UL)

Successful fabrication of 5@vt% MIL -101(Cr) fibers of ~ 500 m diameter
High permeance (164,000 GPU) compared to previously reported SiCA fibers?

16
[1] Labreche, Ying, et al. Chem. Eng. J. 2013, 221, 166-175.



Development ofAmine MIL -101(Cr)-
amine Fiber Sorbents

PEl infused MIL -101(Cr)/CA fiber at -20 AC 400 ppm CQ,

1.0 1.2
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Highest CO, adsorption capacity by PEFMIL -101(Cr) fibers with dual solvent (DS)
Stable performance during cycles under dry conditions with mild desorption temperature
The PEI-MIL -101(Cr) fibers will be tested under humid conditions in fiber module system
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Developmentof MIL -101(Cr)-PEI
3D-Printed Monolith Sorbents

A Reduction in BET surface area of the monolith proportional to-MlL loading
A CO, uptake at 400 ppm ané 0
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